risk of ALL with paternal exposure around conception which appeared to be more evident in children diagnosed at the age or five years or more and those with T cell ALL which raises interesting questions on possible mechanisms.
Introduction
Little is known about the etiology of childhood leukemia and its main sub-types, acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) but it is likely that they are attributable to a mixture of genetic and environmental factors, 1 which may vary by disease sub-type, or for ALL, by immunophenotype. Most cases occur before the age of five years, although T cell ALL is seen mainly in slightly older children. Some of the most common chromosomal translocations seen in both sub-types of ALL 2, 3 and AML 4 may be of prenatal origin, suggesting a role for parental exposures. Individual studies rarely have the power to investigate potential risk factors by sub-type and/or immunophenotype, especially for uncommon exposures. To help overcome this, we pooled individual data from studies in the Childhood Leukemia International Consortium (CLIC), a multi-national collaboration of case-control studies of childhood leukemia. 5 The focus of these analyses was parental occupational exposures to pesticides.
The term 'pesticide' covers a large, heterogeneous group of chemicals used to control Research on Cancer. 6 Exposure of the father before conception could result in germ cell damage, while maternal exposure during pregnancy can result in fetal exposure, as demonstrated by pesticide residuals found in umbilical cord blood and meconium. 7 Prenatal exposure to certain insecticides, has been associated with translocations found in children with AML. 8, 9 Propoxur, has been associated with t(8;21) translocations in cord blood 9 and permethrin has been associated with a 11q23 translocation in a case report of congenital AML, 8 thus suggesting that maternal pesticide exposure around pregnancy could result in chromosome translocations in the offspring. Maternal pre-natal occupational pesticide exposures have been examined in two recent meta-analyses, 10, 11 with both reporting an increased risk of all leukemias, as well as of leukemia sub-types. However, the estimates for ALL and AML were based on five or fewer studies because most studies in the overall analyses did not report risk by leukemia sub-type, and none reported by immunophenotype.
Pre-conceptional paternal occupational exposure has also been suggested as a risk factor in individual studies of ALL 12 and AML. 13 The aim of the current analyses was to investigate whether parental occupational pesticide exposure in the prenatal period increased the risk of ALL or AML in the offspring. We also aimed to investigate whether the relationship varied by immunophenotype of ALL. For these analyses, we used all CLIC studies that had relevant data available in 2012, that is, 13 studies (12 with ALL cases and 10 with AML cases) that were conducted in North America, Europe and Australasia over a 30 year period.
Methods
Original data were requested from each of the participating studies including demographics, disease sub-types, potential covariates, variables used for control selection or matching and occupational pesticide exposure assessments for both parents. A summary of study design and participant details, including inclusion criteria, has already been published 5 and the characteristics of each study as well as participation fractions (based on information available from published studies or obtained directly from study personnel) are listed in Table 1 . Definition of the participation fraction varied across studies. In most cases, the studies were conducted on a nationwide or region-wide basis and thus they included a mixture of urban and rural subjects. All studies were approved by the relevant institutional or regional ethical committees.
Original occupational exposure data
The time periods of interest were the year before conception for fathers and during the pregnancy for the mother. However, the included studies had data for differing periods around conception or only during pregnancy in some (Table 1) . In four studies, data for jobs in the time periods were extracted from the provided work history.
Occupational data were provided in three main formats ( Group (COG)-E15 provided jobs coded using an occupational coding system, which needed to have pesticide exposure assigned; 2) Four studies provided data in which jobs in the relevant time periods had already been assessed for pesticide exposure and exposure assigned (Australia, Canada, Italy, New Zealand) and 3) One study (US COG-E14) provided detailed pesticide questionnaire data which needed to be collated to a single exposure variable.
Development of a Job Exposure Matrix (JEM)
The assessments from two of the studies, Australia 14 and Canada 15 , were used to develop a JEM to assign the likelihood of pesticide exposure for the studies with job title codes. Both of these studies use the expert assessment method to assess occupational pesticide exposure. 16 In this method a full job history is taken, and job specific questionnaires are asked about each relevant job (for example an orchardist would be asked the Farmer questions while a sports field manager would be asked the Gardener questions). The answers to these questions are reviewed on an individual level by experts, such as industrial hygienists or chemists, who determine whether the person was likely to be exposed to pesticides in that job. For each job title in International Standard
Classifications of Occupation (ISCO)-2008 (08) 17 we determined what proportion of the jobs in the Australian data were assessed as being exposed to pesticides. All job codes were then assigned to a category relating to the certainty of pesticides exposure as follows; 1) Job codes where 70% or more people (males and females combined) with the ISCO-08 code had been assessed as exposed to pesticides ('High likelihood of pesticide exposure'); 2) Job codes where 25% ≤ 70% were assessed as exposed ('Moderate likelihood of exposure'); 3) Job codes where 10 ≤25% were exposed ('Limited likelihood of exposure') and 4) Job codes where less than 10% were exposed ('No or minimal likelihood of pesticide exposure' (Reference Group)). ISCO-08 jobs codes that were rare or not used in the Australian dataset were identified and these were assigned an exposure category by an occupational epidemiologist (LF). Modifications to the exposure categories were made after doing similar comparisons of expert assessment and jobs coding from the Canadian study. 18 The final exposure codes in the JEM were then assigned to equivalent ISCO-88 codes and hence to jobs in the other occupational classification systems using conversion tools ( 
Harmonisation of occupational data from other studies
Among the four studies where pesticide exposure had already been assigned, three (Canada, Italy and New Zealand) had assigned pesticide exposure as yes or no. These categories in the Italian study were derived from the assessment of the probability and intensity of exposure, 24 while those in the New Zealand data were derived from detailed assessment. In order to pool with the studies for which we used the JEM, we coded exposed subjects the same as the 'High likelihood of pesticide exposure' category and non-exposed the same as the 'No or minimal likelihood of pesticide exposure' category. In the Australian study which assigned more levels of exposure, we coded those with 'probable high/medium exposure' the same as the 'High likelihood of pesticide exposure' category, and 'probable low exposure and possible low/medium/high exposure' the same as the 'Moderate likelihood of exposure' category and those assessed as not exposed the same as the 'No or minimal likelihood of pesticide exposure' category (Table 1) .
US COG-E14 had collected data about exposure to individual pesticides. These data were collated into a single 'any pesticide exposure' for each time period, with four levels of exposure (in order to be comparable to the studies for which we used the JEM), based on the information about total contact time with pesticides.
Statistical analyses
Two analytic approaches were taken which both used the final exposure measure. Firstly, study-specific odds ratios (ORs) of ALL and AML and exposure to pesticides were estimated and included in meta-analyses in order to identify heterogeneity between the studies. Secondly, as main approach, individual data were pooled in a single dataset and the pooled ORs estimated. Because the final exposure measure was an imprecise approximation of occupational exposure, the main focus of both the meta-analysis and pooled analyses was to contrast the OR between Exposure The Escale study only had paternal exposure data for the time period during pregnancy so this was used as a proxy for before conception exposure.
Generating and meta-analyzing study-level ORs from individual-level data and meta-analyses from published studies
Unconditional logistic regression (SAS version 9.2, SAS Institute Inc, Cary, NC, USA) was used to estimate ORs and 95 percent confidence intervals (95% CIs) for occupational pesticide exposures in mothers during pregnancy and for fathers before conception. All models included child's age and sex and additional study-specific matching variables. This approach was used to optimize the number of available cases and controls. 25 The following variables were considered a priori to be potential confounders or independent competing factors (birth order, birth weight (in studies where data were readily available), ethnicity, maternal age group and education (for maternal analyses) and paternal age group and education (for paternal analyses)). Maternal and paternal education were the only common socio-economic level indicators that were available in all studies, albeit in different formats. Factors that were independently associated with both the exposure and outcome were retained in the final models. The study-specific ORs were combined in a meta-analysis in Stata version 11.2 (StataCorp LP, College Station Texas, USA, 2009), using the random effects model (to acknowledge the between study heterogeneity, such as in terms of study designs, occupational assessment methods, and pesticide use across countries and time 26 ).
Summary ORs, 95% CIs, I 2 statistics (a measure of the variation across studies that is not due to chance) 27 and forest plots were produced. Studies without any cases or controls in the 'High likelihood of pesticide exposure' were not included in the meta-analyses.
Finally, we identified additional published papers or other theses that had been included in recent meta-analyses 11, 28 to 31 October 2013. We extracted the relevant OR from each of these studies to calculate summary ORs (as described above) with the results from the individual CLIC studies, after excluding studies which had an overlap of data with the CLIC studies, 12, 14, 30, 38, 41 did not specify which parent was exposed 35, 36 or did not provide an overall pesticide exposure variable. 34 Another published study 37 was excluded as it was a subset of the UK National Registry of Childhood Tumours (NRCT) study. 40 One of the CLIC studies, the UKCCS, was also a subset of the NRCT study and was thus excluded from the meta-analyses of the CLIC and other published studies.
Pooled analyses of individual-level data
Unconditional logistic regression (SAS version 9.2, SAS Institute Inc, Cary, NC, USA) was used to estimate pooled OR and 95% CI for occupational pesticide exposures in mothers during pregnancy and for fathers before conception. All models included the child's age and sex, year of birth group (grouped into five approximately equal time periods), ethnicity (Caucasian, European or White versus the rest) and a variable denoting the study of origin. The following variables were tested to determine whether they were independently associated with both the exposure and outcome: Birth order, birth weight (for the subset of studies where data were readily available), the relevant parent's age group and education (recoded into three groups: secondary education not completed, completed secondary education, and tertiary education), and study-specific matching variables (by allocating all the other studies the same dummy value for each variable); of these, only maternal or paternal education was retained. As children with Down syndrome have higher rates of leukemia than other children, analyses were repeated, excluding these children.
Results
Data were obtained from 12 studies for 8,835 ALL cases and from 10 studies for 1,357
AML cases ( When individual studies were omitted in turn from the meta-analyses, the summary estimate changed by less than eight percent (OR scale). The summary estimates were higher for T cell ALL than B cell ALL (Table 3) for both maternal and paternal exposures, but the estimates for T cell ALL were based on smaller numbers of cases.
As only studies with any cases in the 'High likelihood of pesticide exposure' category were included in the AML meta-analyses, 895 cases and 5,428 controls from five studies were included for maternal exposures, and 1,184 cases and 10,863 controls from eight studies for paternal exposures. Further details about each study are in Supplementary (Table 3) . When individual studies were removed one by one, the summary estimates for maternal exposure changed by up to 26% while those for paternal exposure changed by less than 11%.
Meta-analyses of CLIC studies together with previously published papers
For the combined meta-analyses of the CLIC data and previous published papers of ALL we added estimates from six additional studies for the investigation of maternal exposure 29, 31-33, 39, 42 and three for those of paternal exposure 32, 33, 40, 40 , while those of AML contained estimates from an additional four studies for maternal exposure 13, 29, 31, 39 and three for paternal exposure, 
Pooled analyses of individual data from CLIC studies
The analyses for ALL included 12 studies (8,236 (Table 4 ).
There was no difference in the OR when the analyses were stratified by type of occupational assessment, or immunophenotype ( Table 4 ).
The OR for paternal occupational pesticide exposure and the risk of ALL in the offspring was 1.20 (95% CI 1.06, 1.38) ( Table 4 ). The risk of ALL related to exposure appeared to be stronger in children diagnosed at five years or older than for those diagnosed earlier (p value for the interaction 0.07). When the analyses were stratified by both immunophenotype and age at diagnosis, the ORs for B cell and T cell ALL were 1.04 (95% CI 0.85, 1. (Table 4) .
When all the analyses for ALL and AML were rerun excluding children with Down syndrome (103 ALL cases and six controls, 89 AML cases and four controls), there was little change in the results and there was also little difference when they were stratified by the birth year group (data not shown). The estimates for paternal exposure and for maternal exposure changed little when adjusted for the exposure level of the other parent. Few cases (0.9 % of ALL cases and 0.7% of AML cases) and 0.6% of controls had both parents in the 'High likelihood of pesticide exposure' group. The ORs for ALL and AML in the offspring with both parents being exposed compared to both parents being unexposed were 1.29 (95% CI 0.90, 1.85) and 1.43 (95% CI 0.67,
3.08), respectively (results not tabulated).

Discussion
Our findings suggest that it may be important to investigate occupational exposure to pesticides by sub-type of leukemia as the findings for ALL were different from those for AML for both maternal and paternal exposure. For maternal occupational exposures to pesticides during pregnancy, we found a significantly increased risk of AML using pooled data from 10 international case-control studies in the offspring, although the findings lacked precision when the largest study was excluded, while no increased risk of ALL was found using data from 12 studies. For paternal occupational pesticide exposures around the time of conception, we found about a 20% increased risk of childhood ALL in the analyses of pooled data from 12 international case-control studies, but no association with AML using data from 10 studies.
Our observations for maternal exposure and the risk of AML are consistent with previously published studies 13, 29, 31, 39 with additional support provided by studies implicated the use of pesticides by the mother in the home environment during pregnancy as a risk factor for AML in the offspring.
13, 43
The finding for maternal exposure and ALL is at odds with the elevated risk reported in two previous meta-analyses. 10, 11 and a recent Brazilian study. 39 The disparity with other previous literature appears to be due mainly to the findings of four studies, which all had <200 cases and reported ORs for exposures during pregnancy of greater than 2.5. 29, 31, 33, 39 One of these was conducted in China 31 and another in Japan 33 The definition of pesticide exposure was based on maternal recall of pesticide exposure in the Chinese study, 31 while in the hospital-based Japanese study, 33 it was defined as working in an agricultural industry. The other two studies 29, 39 were restricted to ALL diagnosed either before 18 months 29 or two years of age. 39 The first of these was an international study obtaining information about maternal occupational exposures during an interview, but may have included non-occupational exposures in some countries. 29 The other was a hospital-based case-control Brazilian study in which mothers were asked about exposure to agricultural pesticides. 39 On the other hand, all the CLIC studies were conducted in predominantly Caucasian populations and included children under 15 years and the exposure was restricted to occupational exposures, thus the difference in the findings could be explained by a mixture of factors; differing distributions of cytogenetic sub-types between the populations, 44 or age groups 45 as susceptibility to pesticides could be restricted to certain cytogenetic sub-types, or related to the definitions of exposure. The findings could also reflect differences in the types of pesticides used and the protection measures used during pesticide application. However, we have insufficient information to speculate on these issues.
It is biologically plausible that maternal occupational pesticide exposure could increase the risk of either sub-type of leukemia in the offspring as there is evidence that some pesticides cross the placental blood barrier, thus resulting in fetal exposure. 7 However, to the best of our knowledge, while there have been several case reports of translocations associated with AML being found in either in cord blood or soon after delivery, following maternal insecticide exposure during pregnancy, 8, 9 there are no such evidence for translocations associated with ALL.
For paternal exposures, the increased risk is consistent with two 32, 33 of three previous studies, 34, 35, 42 as well as those of the participating Canadian study, 12 but different from the UK NRCT study 42 which reported an OR of 1.00 (95% CI 0.86, 1.33)
Our findings for paternal exposure and the risk of ALL in the offspring raise some interesting issues as the association appears stronger in older children and those with T cell ALL. T cell ALL generally occurs between the ages of six to eight years of age while precursor B cell (the vast majority of B cell lineage cases) is mainly seen in children aged less than five years. Despite this, there is still evidence that T cell ALL can originate in the prenatal period, 3 and thus damage to paternal germ cells could play a role, albeit with a long latency.
However, our findings also suggested the association between paternal pesticide exposure and B cell ALL was more pronounced in older children. Another possible explanation for our findings is that paternal occupational pesticide exposure around conception is a proxy measure for either paternal exposure during the child's early years or for exposure of the child by living on or close to a farm, but we do not have the data to investigate this theory. Exposed parents can track pesticides back into the home such as on shoes and on hands, 46 or homes and play areas can be contaminated by air drift from pesticide spraying, 47 thus higher levels of pesticide residues have been detected on children's hands and in house dust in farmhouses than others. 46 In one of the CLIC studies, US NCCLS, children who lived in homes where chlorthal (a potentially carcinogenic agricultural herbicide) was detected in carpet dust had an increased risk of ALL. 48 Consistent with previous studies, 13, 40 we found no association between paternal occupational pesticide exposure and the risk of AML in the offspring in the pooled analyses.
The major strength of our investigation was the large sample size, which allowed us to investigate exposure by sub-type of leukemia in more detail than in previous individual studies; and access to the original data allowing better harmonization of exposure variables and their categorization as compared to literature-based meta-analyses.
However, there were also major limitations with respect to our investigations. Notably, the occupational exposure data were available in many forms. In order to harmonize the data, a crude measure of exposure was developed. For most studies, we had only job title information coded in different formats. It is unlikely that all people with the same job code would have the same level of exposure, or that pesticide exposure levels would have been similar across all the study populations (North America, Europe and Australasia) and over time (30 years) . The size of farms, the crops grown and the animals raised would have varied across studies and the types and extent of pesticide handled may have varied by gender. The proportion of controls classed as exposed to pesticides varied by study, which may reflect true differences in exposure to pesticides, for example between countries, or weaknesses in the exposure measure. Despite these limitations, the estimates obtained for ALL using studies that had used coded job titles were similar to the three studies (Australia, Canada and Italy) that used expert occupational assessment. No such comparison was possible for AML as only the Italian study included cases of AML. This study only assigned exposure to agricultural pesticides, but this was considered an adequate proxy for any occupational pesticide exposure. 49 In addition, most of the job titles in our 'High likelihood of pesticide exposure' category were agriculture or farm-related.
Our study has the same limitation as most previous research of this topic, that is, the inability to define exposure by type of pesticide. By combining all pesticide exposure into a single measure of general pesticide exposure, we may have diluted the effect of different pesticides and introduced non-differential misclassification. If we could have defined pesticides more specifically, we may still not have not been able to address the issue of exposure to multiple types of pesticides as exposed individuals commonly use more than one type. 12 We developed the JEM using data from Australia and Canada, but applied it to US and European studies, which raises questions about the validity of the JEM in other settings. However, to the best of our knowledge, our choices of 'High likelihood of exposure' job codes are in line with other published literature.
In all of the studies, data were collected using structured questionnaires that focused on jobs instead of exposures in attempts to minimize recall bias. Nonetheless, this would not remove the potential for cases to think more deeply about jobs held.
Although our investigation focused on the exposure time-windows of around conception or pregnancy, occupational exposure is likely to have extended over a wider time period. Among mothers, there was a high correlation (Spearman P 0.884) with maternal exposures around conception and during pregnancy with over 98.5 % of women having the same exposure code in studies with both time periods. This also means that the risks we observed may also apply to a broader period of time, such as before conception or during the child's early years. Most occupational pesticide exposures occur in farming or agriculture, 49 and the children of exposed parents may have been exposed around the home to agricultural pesticides, such as through spray drift. 47 Another limitation was that there were few parents, especially women in the 'High likelihood of pesticide exposure' category, which made some estimates imprecise, despite the sample size.
In conclusion, we found an increased risk of AML in the offspring following maternal occupational pesticide exposure during pregnancy. We also found that the risk of ALL increased slightly with paternal occupational pesticide exposure around conception. More information is needed by pesticide type and about the use of protective measures during application before any recommendations are made in relation to pesticide use in the workforce and the risk of childhood leukemia.
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